Abstract The cerebellum has been implicated in both sensorimotor and cognitive function, but is known to undergo volumetric declines with advanced age. Individual differences in regional cerebellar volume may therefore provide insight into performance variability across the lifespan, as has been shown with other brain structures and behaviors. Here, we investigated whether there are regional age differences in cerebellar volume in young and older adults, and whether these volumes explain, in part, individual differences in sensorimotor and cognitive task performance. We found that older adults had smaller cerebellar volume than young adults; specifically, lobules in the anterior cerebellum were more impacted by age. Multiple regression analyses for both age groups revealed associations between sensorimotor task performance in several domains (balance, choice reaction time, and timing) and regional cerebellar volume. There were also relationships with working memory, but none with measures of general cognitive or executive function. Follow-up analyses revealed several differential relationships with age between regional volume and sensorimotor performance. These relationships were predominantly selective to cerebellar regions that have been implicated in cognitive functions. Therefore, it may be the cognitive aspects of sensorimotor task performance that are best explained by individual differences in regional cerebellar volumes. In sum, our results demonstrate the importance of regional cerebellar volume with respect to both sensorimotor and cognitive performance, and we provide additional insight into the role of the cerebellum in age-related performance declines.
Introduction
There is a large amount of inter-individual variation in both sensorimotor and cognitive performance, even among healthy individuals. Recently, the utility of investigating individual performance differences with respect to brain morphology has been highlighted across a variety of domains [1] . This individual differences approach allows one to better understand brain function and its relationship to behavior. In particular, investigating regional volumes of the cerebellum and their relationship to behavior may shed light on their specialized functions.
The cerebellum contributes to a variety of motor and cognitive tasks. Evidence for cerebellar involvement in these behaviors comes from both patient studies [2] [3] [4] [5] and functional neuroimaging investigations [6] [7] [8] [9] [10] . Specifically, the cerebellum has been implicated in balance [2] [3] [4] [11] [12] [13] , timing [14, 15] , sensorimotor adaptation [6] , associative learning (eye-blink conditioning) [16] [17] [18] [19] , working memory [9, 20 , for a review see 21] , and attention [22] . Additionally, the connectivity patterns between the cerebellum and the cerebral cortex in both nonhuman primates [23, 24 , for a review see 25] and humans [26] [27] [28] [29] further support its role in both sensorimotor and cognitive behaviors.
Recent work provides evidence for a functional topography within the cerebellum [10, 30, 31] , such that the anterior cerebellum plus lobules VIIIa and VIIIb are associated with motor tasks, whereas the remainder of the posterior cerebellum is associated with cognitive and affective processing. Despite our increased knowledge of cerebellar topography, it is unknown how individual differences in regional cerebellar volumes may be related to task performance.
To date, investigations of individual differences in cerebellar volume and behavior have primarily focused on total cerebellar volume. Cerebellar volume has been related to eye-blink conditioning [32, 33] , processing speed [34] , motor learning [35] , learning a complex strategy-based video game [36] , and balance in individuals with alcoholism [2, 37] . Taken together, this literature demonstrates a link between cerebellar volume and both motor and cognitive performance, though the structure has been investigated as a whole, and regional volumes have not been considered.
Thus, while some inroads have been made towards understanding the relationships between cerebellar volume and performance, there is still relatively little known with respect to this structure. With two exceptions [2, 38] , previous studies have investigated overall cerebellar volume. In these exceptional cases, regions of the cerebellar vermis were associated with balance and cognitive function respectively [2, 38] ; however, subregions of the cerebellar hemispheres were not investigated. Because of the variety of behaviors that engage the cerebellum, and its known functional topography, investigating regional cerebellar volume is crucial.
Investigation of regional cerebellar volume may be particularly useful for understanding sensorimotor and cognitive aging. Older adults experience declines in both domains. While there have been several investigations into the impact of age-related brain changes on both cognitive function [cf. [39] [40] [41] and motor declines [reviewed in 42] , this work has largely focused on the cerebral cortex. However, we know that the volume of the cerebellum in older adults is reduced relative to that of their younger counterparts [43] [44] [45] [46] [47] [48] [49] . Furthermore, 5-year longitudinal data indicate volumetric decreases in the cerebellum [48] . Given this, investigations of regional cerebellar volume and behavior in older adults may provide important insight into why some individuals maintain performance into old age while others exhibit more declines.
Finally, investigating hemispheric differences associated with motor laterality is of interest. While laterality of cerebellar networks has been investigated using resting state functional connectivity in young adults [50] , it is of interest to investigate this with respect to cerebellar volume in both motor and cognitive subregions. Such an investigation will provide greater insight into the functional topography of the cerebellum, as well as into the motor system.
Here, we had two main goals. First, we investigated regional cerebellar volumes in a sample of young and older adults. Specifically, we calculated the volumes of each lobule of the cerebellar hemispheres and vermis. To date, there have been no investigations of age differences in regional lobular cerebellar volumes. We hypothesized that, consistent with previous literature, there would be differences in overall volume as well as in lobular subvolumes between the two age groups. Additionally, we investigated whether there are hemispheric differences in volume for motor and cognitive regions of the cerebellum. We hypothesized that the dominant hemisphere for motor function would be larger than the nondominant, perhaps due to greater processing demands, while there would be no difference in volume across the two hemispheres in cognitive regions. Second, we took an individual differences approach to investigating relationships between regional cerebellar volume and a variety of behaviors. Participants completed a battery of motor and cognitive tasks. We predicted that there would be regionally specific correlations between behavioral performance and cerebellar volume, given the functional topography seen within the cerebellum [10, 30] . That is, we predicted that volumes of the anterior lobules and lobules VIIIa and VIIIb would be associated with sensorimotor task performance given their involvement in motor behaviors, while volumes of posterior lobules (with the exception of VIIIa and VIIIb) would be associated with cognitive task performance.
Method

Participants
We recruited 31 older (65.03±6.42 years old, 8 females) and 23 young adults (22.04±3.47 years, 14 females) from the University of Michigan and greater Ann Arbor community as part of a larger study. All participants were right-handed (based on self-report), healthy with no history of neurological or psychiatric disorders, and had no contraindications for MRI scanning. Participants signed a consent form approved by the University of Michigan Medical Institutional Review Board. All procedures were in accordance with the ethical standards laid out by the Declaration of Helsinki.
Structural Imaging
Structural MRI images were collected with a 3T GE Signa (General Electric Signa, Milwaukee, WI, USA) scanner at the University of Michigan. We acquired a 110 slice (sagittal) inversion-prepped T1-weighted anatomical image using spoiled gradient-recalled acquisition in steady state (SPGR) image (flip angle=15°, FOV=260 mm, 1.4 mm slice thickness). These parameters provided coverage of the whole brain including the entire cerebellum.
Volume Calculations
We calculated the gray matter volume for each lobule in the right and left hemispheres and the vermis using the following procedure. The cerebellum was first extracted from the highresolution (SPGR) anatomical images using the SUIT toolbox [51, 52] , implemented in SPM8 (Wellcome Department of Cognitive Neurology, London, UK; http://www.fil.ion.ucl.ac.uk). This resulted in a structural image of the isolated cerebellum, along with probability maps indicating the probability of each voxel in the volume belonging to the cerebellum and brainstem. We masked our structural images with the probability maps, yielding a structural image of the cerebellum and brainstem only, excluding any surrounding cortical tissue.
Next, we used the lobular regions described in the SUIT atlas [51, 52] to determine individual lobular gray matter volumes of each subject for all lobules in the right and left hemispheres and the vermis. First, we created masks of each lobule of the right hemisphere, left hemisphere, and vermis using the probabilistic SUIT atlas. This resulted in 27 masks of the cerebellar gray matter. The lobules as defined by the SUIT atlas are depicted in Fig. 1a . We were unable to create a mask for vermis Crus II. Second, the SUIT cerebellum template was normalized to each individual subject's cerebellar anatomical image (in native space) using Advanced Normalization Tools [53] (Penn Image Computing & Science Lab, http:// www.picsl.upenn.edu/ANTS/). The transformation was first applied to the SUIT cerebellum, and then the resulting warp vectors were applied to the individual lobular masks. The result was a mask of each lobule normalized to individual subject space for each participant. Figure 1b provides a depiction of the processing stream described above.
These masks were loaded into MRICron (http:// www.mccauslandcenter.sc.edu/mricro/mricron/index.html) and converted to volumes of interest. They were overlaid onto each individual subject's structural scan and visually inspected to ensure accurate registration. We then used MRICron to calculate the descriptive statistics for each lobule, providing us with the gray matter volume of each lobule in cubic centimeters. This procedure was repeated for each individual participant.
Additionally, we calculated the total intracranial volume for all participants to normalize the cerebellar lobular volumes. We first segmented the gray matter, white matter, and cerebrospinal fluid using the segment function in SPM5. The VBM toolbox was used to get the total volume for each of these tissue types, in each individual subject, in native space. The volume of the gray matter, white matter, and cerebrospinal fluid were summed to get the total intracranial volume for each individual. Normalized lobular volumes were calculated by dividing the lobular volume by the total intracranial volume.
Behavioral Assessments
Participants were invited to return to our laboratory for a second day of behavioral testing. A subset of 10 young (21.7±2.7 years old, four females) and 16 older (61.9±7 years old, seven females) adults returned to the lab for this additional testing; this sample size is comparable to what has been used in previous studies investigating relationships between cerebellar volume and behavior [2, 32, 33] . A battery of motor and cognitive assessments was completed.
Cognitive and Executive Function
General cognitive function was assessed using the Montreal Cognitive Assessment (MOCA) [54] . Executive function Fig. 1 a Lobules of the cerebellum as defined by the SUIT atlas presented on coronal (left), midsaggital (center) and axial (right) slices. Labels are only included on the right hemisphere and vermis, though analysis was completed on both hemispheres. b Anatomical imaging post processing stream. Masks created using the SUIT atlas (left) were then warped to individual subject's high-resolution anatomical images (center), resulting in subject-specific masks for each individual (right). Individual masked overlays for right Crus I are presented for a representative young (red) and older adult (green) was measured using the trail-making task (A and B versions) [55] . We recorded the total score on the MOCA, and the time to complete the A and B portions of the trailmaking task, along with the difference between the two conditions (B-A, measured in seconds). The difference score was used in our subsequent analyses.
Working Memory
We administered a verbal working memory Sternberg task [56] similar to that used by Desmond et al. [57] using EPrime 2.0 software (Psychology Software Tools, Inc). Four lowercase letters were presented in white, size 20 Courier New font on a black background around a centrally located fixation cross for 1,500 ms. This was followed by a 3,000 ms retention interval after which a capitalized letter was presented for 1,500 ms. During the presentation of this letter, participants were asked to make a yes or no button press response to indicate whether or not the letter was a part of the previously viewed set. There was an additional 1,500 ms after the presentation of the capitalized letter during which participants could make their response. This resulted in a total intertrial interval of 7,500 ms. Participants completed 144 trials (3 blocks of 48 trials each). We recorded accuracy (in percentage of correct) along with reaction time (in millisecond) on correct trials for all participants.
Visuomotor Adaptation and Choice Reaction Time
A visuomotor adaptation task was administered using Presentation 14.5 software (Neurobehavioral Systems, Albany, CA, USA) on a desktop computer [6, 58, 59] . Targets (0.8 cm in diameter) were presented for 4 s in one of four locations: 4.8 cm to the right, left, above, or below a central starting position (0.8 cm in diameter). Participants controlled a cursor using their whole hand to move a standard gaming joystick (Logitech Extreme 3D joystick, Fremont, CA, USA) placed on the desk in front of them. They were asked to move the cursor to the target circle as quickly and as accurately as possible and to maintain the cursor in the target circle until it disappeared. Upon disappearance of the target, participants were asked to release the joystick so the cursor would re-center itself. The next trial began 1 s later, resulting in a total interstimulus interval of 5 s. Participants performed 14 blocks of the task (24 trials per block), with the first two experimental blocks under veridical feedback conditions. This was followed by 10 adaptation blocks with visual feedback rotated 30°clockwise about the center of the screen, and finally two more blocks again under veridical feedback conditions. The x-and y-coordinates from the joystick were recorded at a rate of 100 Hz. The data were analyzed offline using custom MATLAB (MathWorks, Inc, Natick, MA, USA) programs. The data were first filtered with a dual low-pass Butterworth digital filter, using a cutoff frequency of 10 Hz, and then the resultant joystick path was calculated (square root of the sum of the squared x and y coordinates at each time point). The tangential velocity profile was then calculated through differentiation of the resultant position data. Movement onset and offset were computed through the application of Teasdale, Bard, Fleury, Young, and Proteau's [60] optimal algorithm to the velocity profile for each movement. Learning was assessed by measuring direction error, which is the angle between a straight line from the start to the target position and a straight line from the start to the actual position attained at the time of peak velocity. We assessed performance during the adaptation and washout periods by fitting exponential functions to the trial-by-trial data [cf. 61]. These fits resulted in an intercept and decay constant that characterized the adaptation and washout performance. In our subsequent analyses, we used the decay constant to describe adaptation and the intercept to model washout. The magnitude of the aftereffects during the washout period serves as an indicator of how much learning has occurred.
The first block of testing under veridical feedback served as a practice block. The second block of testing, still under veridical feedback, allowed us to measure choice reaction time. Here, we measured reaction time to move to the target (average over all trials).
Timing
Timing was measured using a synchronization-continuation tapping task [62] administered with E-Prime 2.0 software (Psychology Software Tools, Inc). Participants sat comfortably in front of the computer screen with their gaze centered on a fixation cross, and they were instructed to press the "z" key on the keyboard in synchrony with a periodic auditory tone sequence. Each trial began with the message "ready, go" presented on the computer screen, followed by the presentation of the tone sequence. Participants were instructed to synchronize their finger taps to the tone sequence when ready. After 12 synchronized finger taps, the tones were removed and participants continued tapping at the rate to which they synchronized for an additional 31 taps (30 time intervals). There were three time interval conditions: 500, 1,000, and 1,500 ms. Participants completed five trials of each of the three interval conditions with each hand (15 trials per hand), as well as practice trials prior to the start of each block. The order of hands and time interval condition were counterbalanced across participants. For our purposes in this study, only data from the dominant hand was analyzed.
We measured timing variability for each time interval condition during the unpaced (continuation) phase using the coefficient of variation (CV). CV was calculated by dividing the standard deviation of the intertap interval by the mean duration of the intertap interval. The mean CV for each hand and time interval was calculated. Analyses focused on the CV for the unpaced continuation phase (31 taps without the tone) completed using the dominant (right) hand. All three interval conditions were analyzed.
Balance
We assessed balance using the activities-specific balance confidence (ABC) scale [63] and a one-legged timed standing balance task. For the one-legged standing balance task, participants stood on their dominant (right) leg with their arms crossed over their chest. They were timed (maximum of 90 s) from the point of taking their foot off the ground until it was placed back on the ground. A research assistant spotted the participants from behind throughout this process. Trials with eyes opened and closed were completed (three trials per condition). The averaged times standing on one leg from both the eyes opened and eyes closed conditions were used in our analyses.
Manual Dexterity
We assessed manual dexterity with the grooved pegboard (Lafayatte Instruments, Lafayette, IN, USA). We quantified the time it took participants to fill all of the holes with "T"-shaped pegs using the dominant (right) hand.
Statistical Analysis
All statistical analyses were performed using IBM SPSS 19 (IBM Corporation, Somers, NY, USA, 2011). Across all of our analyses, in cases where the assumption of equal variance was violated, we used a Greenhouse-Geiser adjustment. The adjusted degrees of freedom and f or t values are reported.
Age Comparisons and Relationships with Volume
To compare intracranial volume, we used a 3×2 tissue type (gray matter, white matter, and cerebrospinal fluid) by age group mixed-model ANOVA. A 27×2 lobule by age group mixed-model ANOVA was computed to assess age differences in regional cerebellar volume. Follow-up pairwise t tests were computed using a Bonferonni correction (p<0.002). To account for the effect of gender, we also included an additional 27×2×2 lobule by age group by gender mixed-model ANOVA.
To investigate laterality associated with motor dominance, we compared the left and right hemisphere volumes of the two motor representations within the cerebellum, along with a grouping of lobules associated with cognitive processing. The anterior motor representation included lobules I-IV and V, while the posterior motor representation included lobules VIIIa and VIIIb. The cognitive grouping consisted of Crus I, Crus II, and lobule VIIb, based on previous work implicating these regions in a variety of cognitive processes [10, 30, 31] . We then computed a 3× 2×2 region by hemisphere by age group mixed-model ANOVA.
Patterns of Lobular Volume Variance
A principal component analysis (PCA) was then performed on our 27 lobules of interest to reduce the number of factors in our multiple regression models investigating the relationships between regional cerebellar volume and behavior. In this case, regions would be grouped in a manner that accounts for significant portions of variance in the data, likely due to similarities in the volume of the lobules. Because of the potential for age differences in the solutions, we investigated the young and older adults separately. The corrected volumes (lobular volume/total intracranial volume) were entered into the analysis for each lobule across all subjects. The rotated solutions (using varimax rotation) were investigated for both age groups. In each case, scree plots were used to determine the number of significant components. We used Pearson's product-moment correlation to assess linear relationships between age and regional cerebellar volume (seven regions, as defined by our PCA; see "Results" section). These analyses were evaluated using a Bonferonni correction (p<0.007).
Relationships Between Regional Volume and Behavior
We first assessed age differences in behavioral performance using independent samples t tests for all behaviors with the exception of timing. To investigate age differences in timing variability, we used a 2 (age) by 3 (timing interval) mixedmodel ANOVA.
Two separate sets of analyses were conducted to investigate the relationship between regional cerebellar volume (regions defined using PCA) and behavior. First, we investigated how individual differences in regional cerebellar volume across all participants were related to behavior. We used multiple regression with a backwards selection procedure. However, we ran separate models for both the right and left hemisphere to minimize colinearity, as there were strong correlations between homologous regions in both hemispheres. In both sets of models, we included the vermis. Age was also included as we pooled our participants across age groups.
Second, differential relationships between regional volume and behavior in the two age groups were investigated in cases where there were no significant associations between behavioral performance and regional volume in our multiple regression analyses. In these cases, null findings on our combined multiple regression analyses may be due to differential involvement of regional cerebellar gray matter volume in behavior in the two age groups. Thus, we ran a correlation analysis between each cerebellar region and each behavioral measure in both the young and older adults. In cases where there were significant relationships in either age group, we then used Fisher's r to z transform and compared the strength of the two relationships between the age groups.
Results
Age Differences in Total Brain Volume
Our 2×3 age by tissue-type ANOVA investigating age differences in whole brain gray matter, white matter, and cerebrospinal fluid indicated that there was no significant main effect of age (F (1, 58) =0.472, p>0.4; Fig. 2 ). Importantly, this means that there was no significant difference in total intracranial volume between the two age groups. There was however a significant main effect of tissue type (F (1.62,94.02) = 113.40, p<0.001), and an age by tissue type interaction (F (1.62,94.02) =24.93, p<0.001). Follow-up t tests (using a Bonferonni correction, p<0.01) indicated that this interaction was driven by significantly less gray matter in the older adults (t (58) =2.75, p<0.01), and concomitantly, significantly greater volume of cerebrospinal fluid in the older adults (t (58) =−7.139, p<0.001). There was no significant age difference in white matter volume when correcting for multiple comparisons, although there was a trend for older adults to have less (t (58) =2.26, p=0.03).
Age Differences in Cerebellar Lobular Volume and Hemispheric Effects
To test for age differences in lobular cerebellar volume, we completed a 27×2 repeated-measures ANOVA. This analysis revealed a significant main effect of age (F (1, 51) =20.17, p<0.001; Fig. 3 ) indicating that young adults have larger cerebellar gray matter volume than older adults. There was also a significant main effect of lobule (F (4.26,217.14) = 1,985.66, p<0.001) and a significant age by lobule interaction (F (4.26,217.14) =9.07, p<0.001). Follow-up pairwise t tests indicate significant age differences in the gray matter volumes of right lobules I-IV, V, VI, right Crus I, left lobules I-IV, V, VI, left Crus I, left Crus II, vermis lobule VI, and vermis lobule VIIb (in all cases t (52) >4.0, p<0.001). Left lobule VIIb was nearly significant when correcting for multiple comparisons as well (t (52) =3.27, p=0.002). This supports the hypothesis that there are regional age differences in cerebellar volume. Additionally, we investigated the impact of gender, as gender differences in cerebellar volume have been reported [64] . Using a 27×2×2 lobule by age group by gender mixed model ANOVA, we found that there was a significant main effect of gender (F 1 , 4 9 ) = 15.25, p<0.001) such that females had larger cerebellar volume. As described above, there were also significant main effects of age and lobule. However, the age by gender interaction was not significant (F (1, 49) =1.18, p=0.28) nor was the three way interaction (F (26, 1274) =1.20, p=0.22), though there was a significant lobule by gender interaction (F (26, 1274) =6.13, p< 0.001). Follow-up comparisons did not reveal any lobules that were significantly different based on gender, when correcting for multiple comparisons.
Next, we investigated hemisphere effects in motor and cognitive subregions of the cerebellum (as defined by previous functional imaging work). Our analysis revealed The three-way region by hemisphere by age interaction was a strong trend, though not significant (F (1.51, 78.39) = 3.01, p=0.069). Given the significant region by hemisphere interaction, and the strong trend in the three-way interaction, we completed follow-up analyses investigating hemispheric differences by region. In all three regions, the effect of There is also a main effect of lobule (F (4.26,217.14) =1,985.66, p < 0.001), along with a significant age by lobule interaction (F (4.26,217.14) =9.07, p<0.001). *p<0.002, significant age differences in lobular volume as assessed using follow-up pairwise t tests, corrected for multiple comparisons. Error bars standard error of the mean. Lobules are labeled using roman numerals. L left hemisphere, R right hemisphere, V vermis, CRI Crus I, CRII Crus II Fig. 4 Hemispheric differences in gray matter volume (%TIV) of motor and cognitive regions of the cerebellum (YA black bars, OA gray bars). The three-way repeated measures age by hemisphere by region interaction was nearly significant when using a GreenhouseGeiser correction for sphericity (F (1.51, 78.39) =3.02, p=0.068). We further conducted follow-up analyses to investigate the effect of hemisphere on the motor and cognitive regions. These analyses indicate significant effects of hemisphere for all three regions (in all cases, F (1,52) >8, p<0.005), and are indicated with an asterisk. Error bars represent the standard error of the mean hemisphere was significant (in all cases F (1, 52) >8.8, p< 0.005). Across the anterior motor, posterior motor, and cognitive regions, the right hemisphere was larger. The effect sizes varied across these three regions (η p 2 =0.84, 0.14, and 0.23 for the anterior motor, posterior motor and cognitive regions, respectively) indicating that the hemispheric asymmetry effect is largest in the anterior motor regions of the cerebellum.
Patterns of Lobular Volume Variance
Our PCA in the young adults demonstrated a clearly organized solution. The rotated solution is presented in Table 1 . Our scree plot indicated a four-component solution for the young adults. Component one was made up of lobules of the posterior cerebellum, component two primarily of lobules of the anterior cerebellum, and component three was made up of lobules of the cerebellar vermis. The fourth component in the young adults was made up of left and right Crus I. Notably, these components generally followed the functional topography of the cerebellum such that motor and cognitive regions were separate.
In the older adults, our PCA yielded a three-component solution, based on the scree plot. The rotated solution is presented in Table 2 . The first component was made up of lobules in the posterior region of the cerebellum, while the second component was made up of lobules in the anterior cerebellum. The third component included vermal lobules, along with right lobule V (anterior) and left lobule VIIIb (posterior). These latter two lobules also had strong loadings on components two and one, respectively. The remaining lobules were spread out across two additional insignificant components. In general, the older adult principal component analysis revealed an anterior, posterior, and vermal grouping in the cerebellum.
Given the overall similarity between the patterns seen in the two groups, and the consistency of these patterns with anatomical divisions in the cerebellum, for our additional analyses we grouped the lobules together based on the young adult solution (Fig. 5) . The cerebellum was grouped into anterior, posterior, and vermal regions, separated by hemisphere. However, right and left Crus I were each evaluated individually. Finally, investigations of correlations between regional volume and age indicated that there were significant negative correlations with all cerebellar regions (in all cases, r> 0.47, p<0.001), with the exception of the right posterior cerebellum (Fig. 6 ).
Regional Cerebellar Volume and Performance Table 3 lists the group mean scores on our behavioral tasks. There were significant age group differences in the time difference to complete the Trails A and B task (B-A, t (21.40) =−3.48, p<0.01), reaction time on the Sternberg verbal working memory task (correct trials; (t (13.65) =−4.81, p< 0.001)), standing balance with eyes opened (t (23) =2.93, p< 0.01) and closed (t (8.22) =2.44, p<0.05), and time to complete the grooved pegboard test (t (22.96) =−3.83, p=0.001), with older adults performing less well in each case. There were no significant age differences on the MOCA, working memory accuracy, balance confidence, choice reaction time, or learning rate and after effect magnitude on the joystick adaptation task. The lack of difference between the two age groups on the MOCA underscored the overall cognitive health of our two samples. Additionally, our 2×3 mixedmodel ANOVA to investigate timing variability at the 500, 1,000, and 1,500 ms time intervals indicated that there was a significant main effect of age group (F (1, 23) =6.40, p<0.05), though there was no main effect of time interval (F (2, 1.63) = 0.062, p>0.9) nor was there an age by time interval interaction (F (2, 1.63) =1.2, p>0.3). In every case where there were significant age effects on performance, the young adults outperformed the older adults, with the exception of timing, where older adults performed better.
Multiple regression models were run separately for the right and left hemisphere to investigate relationships between individual differences in regional cerebellar volume and performance. Using a backwards selection method, several significant models emerged for both the right and left hemispheres with various behavioral measures, as well as with the vermis (see Tables 4 and 5 for the specific beta values). Working memory accuracy was related to left posterior cerebellar volume, such that larger volume resulted in better performance. While age was a significant predictor of working memory reaction time and the difference score on the Trails test (p<0.001, in both instances), these models did not include any significant contributions by cerebellar volumes.
A significant model predicting balance confidence on the ABC 16 scale emerged and included the right posterior cerebellum. Increased volume was associated with lower balance confidence. Also related to balance, there was a significant model predicting one-legged balance times while the eyes were closed, which included age, the right posterior *p<0.01, **p<0.001, ***p<0.05, significant age differences a Timing was assessed using a 3×2 mixed-model ANOVA that indicated a significant main effect of age cerebellum, and right Crus I. Both age and right Crus I volume were negatively associated with balance times, whereas the right posterior cerebellum was positively associated with balance times. Balance time with the eyes opened was associated only with age (p<0.01). Choice reaction time performance was significantly modeled by the volume of both right and left Crus I. In both hemispheres, larger volume of Crus I was associated with shorter choice reaction time. Our analyses also revealed a significant model predicting tapping variability at the 500 ms interval. This model included both age and volume of the vermis. Both were negatively associated with the coefficient of variation. That is, with older age and larger vermis volume, there was less variability. A similar model was revealed for tapping variability at the 1,000 ms interval. This model included both volume of the vermis and that of the left anterior cerebellum. However, volume of the left anterior cerebellum was positively associated with tapping variability such that increases in volume were associated with increases in variability. Age was the only significant predictor of tapping variability at 1,500 ms (p<0.01).
There were no significant models predicting learning on the joystick task, while the intercept of our model of washout (indicative of the degree of learning), was only predicted by age (p<0.05). Older adults exhibited numerically reduced aftereffects relative to the young adults (though there was no significant difference between the two groups), and this is likely driving this relationship. Finally, the model predicting performance on the grooved pegboard (time to complete) also only included age (p=0.001).
Follow-up exploratory regression analysis was completed in the young and older adults separately, for lobules and behaviors that were not part of significant models in our multiple regression analyses. We discovered several interesting associations (Fig. 7) . First, the time to complete the grooved pegboard was negatively correlated with the volume of the right Crus I in young adults (r=−0.72, p<0.05). The pattern in the older adults was in the positive direction, though not significant (r=0.32, p>0.2; Fig. 7a ). Using a Fisher's r to z transform, we found that these two relationships were significantly different from one another (z=2.51, p<0.01).
Second, while our multiple regression models pooling across all participants indicated that the volume of both the left and right Crus I significantly predicted choice reaction times, we found differing relationships in the two age groups for the right posterior cerebellum and the vermis. Right posterior cerebellar volume was significantly negatively correlated with choice reaction time in the young adults (r=−0.68, p<0.05; Fig. 7b) ; while in the older adults, there was no relationship at all (r=−0.07, p>0.7). There was a strong trend indicating that the two correlations were different (z=1.62, p=0.052). It is also worth noting that there was a comparable trend indicating a negative correlation between the volume of the left posterior cerebellum and choice reaction time (r=−0.61, p=0.06). The pattern in the vermis was similar. Young adults showed a significant negative correlation between vermal volume and choice reaction time (r=−0.83, p<0.01; Fig. 7c ) and there was no relationship in the older adults (r=−0.09, p>0.7). Here, there was a significant difference between the two correlations (z=2.34, p<0.01).
Finally, tapping variability at 1,500 ms was differentially related to the volume of right Crus I (Fig. 7d) . In the young adults, there was a negative correlation (r=−0.69, p<0.05), indicating that larger Crus I volume was related to less tapping variability. In the older adults, there was no relationship (r=−0.07, p>0.7). The difference between these two correlations was a strong trend (z=1.58, p=0.057).
Discussion
We observed significant age differences in cerebellar gray matter volume between young and older adults. Furthermore, our results demonstrated that individual differences in regional cerebellar volume are associated with sensorimotor and cognitive task performance. However, in some cases, the relationships between regional volume and behavior differed in direction in the young and older adult samples. Taken together, our results further highlight the importance of the cerebellum to both sensorimotor and cognitive behaviors. They also indicate the importance of investigating regional cerebellar volume instead of the structure as a whole.
Aging and Lobular Volume
While past work has investigated age differences in cerebellar volume [43-46, 48, 49] , none has determined whether these age differences vary across cerebellar lobules. Here, we demonstrated that there are differential relationships between age and lobular gray matter volume in older adults, in addition to an overall age difference in cerebellar gray matter. This latter finding was consistent with the existing literature on this topic [43-46, 48, 49] . Specifically, our analyses indicated that the gray matter volume of the anterior lobules and Crus I was particularly impacted by age. This was contrary to our hypothesis, which predicted greater age differences in posterior cerebellar volume. Indeed, over the course of development, the posterior cerebellum typically tracks the development of the prefrontal cortex [65] . In older adults, there are significant decreases in prefrontal cortical volume [66] . Given the known interactions between the posterior cerebellum and prefrontal cortex, both in terms of anatomical connections [23, 26] and in resting state functional networks [27] [28] [29] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] , volumetric differences were expected. However, it may be that once development is complete, the posterior cerebellum changes independently of the pre-frontal cortex. Further, it is important to note that Crus I is a posterior lobule. Thus, while the majority of the posterior cerebellum was not specifically impacted by aging, Crus I was affected. We were also interested in investigating whether laterality has any impact on cerebellar regions associated with motor and cognitive function. As predicted, both the anterior and posterior motor regions of the cerebellum were larger in the right hemisphere of both the young and older adults, likely a result of all participants being right-handed. However, somewhat surprisingly, the lobules of the cerebellum associated with cognitive function were also larger in the right hemisphere. One likely explanation for the volumetric differences in these regions across the two hemispheres is the involvement of these lobules in language processing in addition to cognitive processing. While Crus I, Crus II, and lobule VIIb have been implicated in working memory and executive function [10, 30, 31] , they have also been implicated in language processing, particularly in the right hemisphere [10, 30, 31] . Thus, the larger volume of the right hemisphere cognitive region as defined here may be due to interactions with the left cerebral hemisphere for language processing. Interestingly though, a comparison of the effect sizes across the three regions indicated that the hemispheric effect was much larger in the anterior motor region, likely linked to hand dominance. Previous investigations into cerebellar laterality using resting state networks demonstrated that the most strongly right-lateralized regions were in the posterior cerebellum [50] . Though the largest effects in our study were in the anterior cerebellum, in general our finding was consistent with previous work on cerebellar laterality.
Cerebellar Volume and Motor and Cognitive Function
Differences in regional volumes were related to both sensorimotor and cognitive behavior. However, the majority of the relationships implicated the posterior cerebellum and Crus I in the performance of sensorimotor tasks. In particular, both self-reported balance confidence and standing balance performance were associated with posterior cerebellum and Crus I volumes. Furthermore, in all cases, with the exception of the right posterior cerebellum in our model of standing balance (with eyes closed), these predictors were negatively associated with balance confidence and performance. Larger volumes were associated with poorer balance performance and confidence. This was somewhat surprising given previous work implicating the anterior vermis in balance [2, 69] , though prefrontal cortex activity has also been seen during balance with the eyes closed [69] implicating higher cognitive functions as well. However, Crus I and the posterior cerebellum are typically implicated in cognitive tasks [9, 30] . A tendency for cognitive engagement during an automatic task such as balance may be detrimental to performance [70] .
Though the posterior cerebellum included lobules VIIIa and VIIIb, which have known connections with the motor cortex in the nonhuman primate [24] and are part of restingstate motor networks [27, 68] , this grouping also included Crus II and lobule VIIb. Crus II is connected to the prefrontal cortex in the primate brain [24] and is involved in resting state networks associated with the prefrontal cortex and cognitive function [27-29, 68, 71] . Lobule VIIb has also been implicated in these networks [71] . Given the regions making up the posterior cerebellum in this analysis, our results indicated that variability in cognitive performance associated with posterior cerebellar volume may be what was driving these relationships with balance. A similar argument could be made with respect to Crus I, as it is also associated with prefrontal cortical networks [27-29, 68, 71] . We speculated that larger volume may be associated with greater engagement of these cognitive networks. This in turn may have a negative impact on balance. Under dual-task motor and cognitive conditions, the automatic motor task suffers [70] . Additional cognitive processing associated with larger posterior cerebellum and Crus I volume may interfere with a more automatic task such as balance. Future work is however needed to test this hypothesis.
The volume of Crus I in both hemispheres was also associated with choice reaction time performance. However, in this case, it was in the expected direction-larger Crus I volume was related to shorter reaction times. Performance on a choice reaction time task is made up of multiple stages: stimulus processing, stimulus categorization, response preparation, and finally, response execution [72] . The preparation of responses has been proposed to be a race between multiple response options [73] . In the case of our task, this race may refer to the potential responses that can be made to the four targets. Thus, there is higher-level cognitive processing that occurs during the performance of such a task. It was Crus I, a region of the cerebellum associated with the prefrontal cortex and cognitive function, which was associated with performance on this task. These findings, coupled with those related to balance, indicated that cognitive processing may be the aspect of task performance that best captured individual differences in sensorimotor performance.
Interestingly, several of the differential relationships with age also included volumes of the posterior cerebellum and Crus I. In young adults, manual dexterity measured by performance on the grooved pegboard was negatively correlated with right Crus I volume. In the older adults, the relationship (though not significant) was in the opposite direction. In this case, like in balance, the potential for additional cognitive processing may have been detrimental to the young adults. Furthermore, tapping variability at 1,500 ms was negatively correlated with right Crus I volume in the young adults, though there was no relationship at all in the older participants. In this case, the young adults may be relying on cognitive strategies and/or recruiting different neural mechanisms to perform this task, consistent with the notion that tapping at intervals around 1,000 ms or longer is more demanding of these resources [74, 75] . Alternatively, the older adults, who performed quite well on this task, may have been highly motivated, and engaged in compensatory strategies.
Finally, the posterior cerebellum in young adults was negatively correlated with choice reaction time. As in our whole group result, in the young adults, the larger volume of the posterior cerebellum may allow more efficient engagement of cognitive resources, whereas those may not be engaged as extensively in the older adults. One important caveat however, is that the posterior cerebellum included lobules VIIIa and VIIIb, which are associated with motor behavior [76] . Sensorimotor processes may be engaged more effectively in the young adults. The differential relationship between choice reaction time and the volume of the vermis followed the same pattern as that of the posterior cerebellum. However, in this case, it may be that the vermis volume was beneficial for the execution of the motor response. It is connected with motor cortical regions [77] , and is involved in resting state networks that include motor cortex [28] .
Timing abilities have previously been tied to the cerebellum; for example, patients with cerebellar damage exhibit timing deficits, and neuroimaging studies have shown cerebellar activation in participants performing timing tasks [7, 14, 15] . Here, we demonstrated that individual differences in the volume of the cerebellar vermis were associated with tapping variability at both 500 and 1,000 ms intervals, and as previously described there were differential relationships in young and older adults at the 1,500 ms interval. Larger volume was associated with better performance. Neuroimaging evidence indicates involvement of the vermis in timing [7, 78] . The role of the vermis has also been demonstrated using transcranial magnetic stimulation to the medial cerebellum [79, 80] . Larger volume of the vermis may aid in the processing of time intervals and importantly, perhaps it aids in the execution of these precisely timed movements. However, it is also notable that in our model of tapping variability at 1,000 ms, the left anterior cerebellum was also a significant component. It was positively associated with tapping variability. These responses were made with the right hand, and the cerebellum is cross-lateralized with respect to the cortex. Perhaps there was cross-talk between motor regions involved in the execution of tapping at this interval that was increased with greater volume in the left anterior cerebellum. This is however speculative, and in general, this result was somewhat surprising.
Overall, the majority of the relationships revealed in our analyses were with sensorimotor tasks, though it was the more cognitive regions of the cerebellum that were most related to sensorimotor performance. Interestingly, there were no relationships with our measures of executive function (set switching), though the cerebellum has been implicated in this domain [22] . Relationships with working memory performance were also surprisingly absent, with one exception. Working memory accuracy was significantly modeled by the volume of the left posterior cerebellum. While inferior aspects of the cerebellum (lobules VIIIa and VIIIb) have been implicated in maintenance during working memory [9, for a review see 21] in the verbal task used here, we would expect this relationship to be with the right posterior cerebellum. Perhaps bilateral recruitment of these networks associated with maintenance was beneficial to performance, though in general this finding was somewhat counterintuitive. Future studies may benefit from multiple measures of working memory and executive function to better assess the potential relationships between regional cerebellar volume and performance, particularly in terms of the lateralization of contributions. Furthermore, it is of note that we only investigated cerebellar gray matter volume. Inclusion of cerebellar white matter volume would also be informative in future studies, particularly given previous work demonstrating relationships between cerebellar white matter microstructure and motor learning [81] .
Lastly, it is important to note that we did not assess alcohol consumption in our participants. Alcoholism has been linked to reduced cerebellar volume [2] and the structure is particularly susceptible to the effects of alcohol. In our sample, all participants were free of any neurological or psychological disorder, including substance abuse. However, this does not rule out the potential impact of alcohol consumption over the course of the lifespan in older individuals, nor does it rule out the impact of occasional binge drinking in either population. Future studies investigating cerebellar volume in aging populations would benefit from detailed analyses of the impact of alcohol consumption over the course of the lifespan.
Conclusions
The cerebellum is known to be involved in a wide variety of sensorimotor and cognitive behaviors. Furthermore, overall volume of the cerebellum is known to be smaller in older adults. Our individual differences approach to studying brain-behavior relationships provided evidence that regional cerebellar gray matter volume is indeed related to variability in sensorimotor performance. However, we found little evidence for relationships between regional cerebellar volume and cognitive performance. Interestingly, our results indicated that it is the more posterior regions of the cerebellum, often associated with cognitive processing, that are associated with sensorimotor performance variability. Finally, we also noted differential relationships between regional volume and sensorimotor performance in young and older adults. This may be due to differential engagement of these cognitive resources by age. Taken as a whole, these findings highlight both the importance of taking a regional approach when investigating cerebellar contributions to behavior, and the potential importance of regional cerebellar gray matter volume in performance in older adults.
